Introduction
Intravitreal neovascularization -e.g., diabetes mellitus, retinopathy of prematurity, or retinal vein occlusionis a major cause of blindness worldwide (1) . Retinal ischemia is thought to be a common precursor to vitreal neovascularization in retinal diseases (2) . Although the understanding of the mechanisms involved in the formation of new vessels has much improved in recent years, it remains unclear why neovascularization in ischemic retinopathy occurs mainly in the vitreous and not in the hypoxic retina where the angiogenic factors (notably VEGF) are secreted.
Nitric oxide (NO) is a free radical, produced from L-arginine by NO synthases (NOS) (3) and is involved in diverse processes such as neurotransmission, vasodilatation, host defense, and inflammation (4) (5) (6) . The existence of at least three different forms of NOS, each encoded by a specific gene, has been demonstrated (3) . Two of these isoforms are continuously expressed in the body: nNOS (NOS-I), essentially present in neurons of the central and peripheral nervous system; and eNOS (NOS-III), predominantly found in the plasmic membrane of vascular endothelial cells (3, 4) . However, the third isoform, inducible iNOS (NOS-II), is expressed in different cell types only after transcriptional activation by endotoxins and cytokines (7) . The NO produced by iNOS acts as a microbicidal and antiviral agent (6, 7) in immunological defenses. NO is also thought to be a mediator of autoimmune and inflammatory responses.
NO is known to influence neovascularization in a variety of models of angiogenesis, and its effect can be proangiogenic (8) (9) (10) or antiangiogenic (11) (12) (13) . These seemingly contradictory data may be explained by the action of different NOS isoforms in the different models used. There is increasing evidence that eNOS plays a proangiogenic role (14, 15) , and it seems that iNOS has an antiangiogenic effect (16, 17) . The role of nNOS in angiogenesis remains undetermined.
To investigate the role of iNOS in retinal neovascularization, we studied the neovascular response of mice lacking iNOS in oxygen-induced proliferative retinopathy.
Intravitreal neovascular diseases are a major cause of blindness worldwide. It remains unclear why neovessels in many retinal diseases spread into the physiologically nonvascularized vitreous rather than into the ischemic retinal areas, where the angiogenic factors are released. Here we show that inducible nitric oxide synthase (iNOS) is expressed in the ischemic retina. Using iNOS knockout mice and the iNOS inhibitor 1400W, we demonstrate that iNOS expression inhibits angiogenesis locally in the avascular retina, mediated at least in part by a downregulation of VEGF receptor 2 (VEGFR2) in cells adjacent to iNOS-expressing cells. At the same time, pathological intravitreal neovascularization is considerably stronger in iNOS-expressing animals. These findings demonstrate that iNOS plays a crucial role in retinal neovascular disease and show that it offers an ideal target for the control of vitreal neovascularization through improvement of the vascularization of the hypoxic retina.
knockout and wild-type littermates. Genotyping to verify the absence or presence of the iNOS gene, or of the targeting vector, was accomplished by PCR of DNA from tail biopsies. The animals were given food and water ad libitum and maintained under pathogen-free conditions of 12-hour/12-hour light/dark.
Murine model of oxygen-induced retinopathy of prematurity. All procedures were conducted in accordance with the guidelines of the Association for Research in Vision and Ophthalmology. C57BL/6×129SvEv iNOS +/+ and iNOS -/-mice at postnatal day 7 (P7) were exposed, with their mothers, for 5 days to hyperoxic conditions (75%), inducing vaso-obliteration and subsequent capillary loss of the central retinal vasculature. At P12, the mice were returned to room-air conditions, and extensive vitreal neovascularization occurred in 100% of iNOS +/+ mice (19) .
iNOS inhibition in oxygen-induced retinopathy. Oxygenincubated C57BL/6×129SvEv iNOS +/+ mice were subcutaneously injected from P12 to P17 at 8-hour intervals, with 100 µl of 1 mg/ml 1400W (n = 6) (Calbiochem, France Biochem, Meudon, France), a highly specific inhibitor of iNOS (20) in H 2 O or 0.9% NaCl solution (n = 6). At P17, the mice were perfused with FITC-dextran 10 6 in PBS solution and their eyes enucleated. The right eyes were subjected to ex vivo angiography, and the left eyes, to intravitreal neovascularization quantification (see later here).
RNA isolation and RT-PCR analysis. Total RNA from the retina was isolated at different times during and after oxygen exposure by the acid-guanidinium-thiocyanatephenol-chloroform method (21) . A total of 1 µg RNA was reverse transcribed for 90 minutes at 42°C with 200 U of superscript Moloney Murine Leukemia virus RT (Life Technologies SARL, Cergy-Pontoise, France), using random hexamers (21) . Two microliters of cDNA was added to each PCR reaction. Amplification was performed as follows: 94°C for 2 minutes; 24 cycles for GAPDH, and 30 cycles for iNOS (number of cycles below the saturating conditions) at 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 45 seconds, and then 72°C for 2 minutes. The amplified fragments were separated in a 1.2% agarose gel and transferred onto a nylon membrane (Amersham Pharmacia, Meudon, France). Specificity of the amplification process was verified by hybridization of blots with a 32 P-labeled specific internal oligonucleotide probe. The fragments were then washed three times in 1× SSC 0.1% SDS at 50°C. Visualization was achieved by exposure of x-ray film to the fragments. The nucleotide sequences of the oligonucleotide primers used for RT-PCR and those of hybridization probes are as follows: iNOS antisense exon 7 (TGTGTCTGCAGAT-GTGCTGAAAC); iNOS sense exon 2 (TTTCTCTTCAAAGT-CAAATCCTACCA); iNOS hybridization probe (GGGTC-GATGTCACATGCAGCTTGTCCAGGGA); GAPDH antisense (ATGGCATGGACTGTGGTCAT); GAPDH sense (ATGCCCC-CATGTTTGTGATG); and GAPDH hybridization probe (GCTGACAATCTTGAGGGAGTTGTCATATTT).
The experiment was performed on a minimum of three independent samples of each group.
In situ RT-PCR. The eyes were enucleated at P14, immediately frozen in OCT (Tissue Tek, Puteaux, France) and sectioned (10 µm). iNOS +/+ and iNOS -/-sections were collected on the same silane-coated glass slides, thus undergoing the same procedure. The sections were fixed with a 10% formalin/PBS solution for 1 hour, washed three times in a 0.1% Triton X-100 PBS solution, made permeable by immersion for 10 minutes at 20°C in a 2:1 ethanol acetic acid solution, washed three times, and then dehydrated in alcohol. RNA was reverse transcribed for 60 minutes at 42°C with 200 U of superscript Moloney Murine Leukemia virus RT (Life Technologies SARL), using random hexamers. PCR was carried out with iNOS specific primers (see RT-PCR) in the presence of Biotin16-dUTP (Boehringer Mannheim, Meylan, France) in a 1:19 ratio to dTTP under the following conditions: 94°C for 1 minute, 55°C for 1 minute, and 72°C for 1 minute (22) . Thirty cycles were carried out. The slides were subsequently washed three times, incubated for 1 hour in a 1/100 ExtrAvidin Alkaline Phosphatase Conjugate (Sigma-Aldrich, St. Quentin Fallavier, France) PBS solution and washed again. The signal was revealed with Fast Red (Sigma-Aldrich). Amplification of the genomic iNOS sequence was avoided by choosing two oligonucleotides on exon 2 and 7, i.e., separated by five sizable introns. In the absence of Taq-enzyme, specific primers, or when PCR was carried out omitting the RT reaction, no signal was detected in oxygenated iNOS +/+ eyes. Endothelial-cell staining on adjacent sections was performed as described in the immunohistochemistry procedures. The experiment was performed on at least three independent samples of each group.
NOS activity by NADPH-diaphorase histochemistry. The eyes were enucleated at P14, immediately frozen in OCT (Tissue Tek) and sectioned (10 µm). They were fixed in 4% paraformaldehyde for 30 minutes at room temperature to reveal only NOS NADPH-diaphorase derived activity (23, 24) . The sections were then incubated in a 0.25 g/l nitroblue tetrazolium and 1g/l β-NADPH 0.3% Triton X-100 PBS (all from Sigma-Aldrich). The histochemical reaction was stopped by washing in PBS. Sections were then coverslipped in glycerol/PBS. The experiment was performed on a minimum of three independent samples of each group.
Ex vivo angiography. Mice were perfused at different time points with FITC-dextran 10 6 in PBS solution (19) . Eyes were enucleated and fixed for 30 minutes in PBS/paraformaldehyde 4%. The retinae were dissected and flat-mounted in glycerol/PBS and viewed and photographed by fluorescence microscopy. The photographs of flat-mounted retinae were scanned. Both the total surface and the surface of the capillary-free area were measured using a computerized image-analysis system (Biocom, Les Ulis, France).
Quantification of vitreal neovascularization. The eyes were enucleated at different time points, fixed in Bouin for 24 hours, and embedded in paraffin. Serial sections (7 µm) were cut sagittally parallel to the optic nerve and stained with PAS and Hemalun. Vascular cell nuclei found on the vitreal side of the inner limiting membrane were then counted on four sections 20 µm apart from one another on each side of the optic nerve (19) . Investigators carried out counting unaware of the samples' provenance. No vascular cell nucleus anterior to the internal limiting membrane was found in room air-raised animals.
Immunohistochemical analysis. P14 iNOS +/+ and iNOS -/-mouse eyes were enucleated, immediately frozen in OCT and sectioned (10 µm). iNOS -/-and iNOS +/+ sections crossing the optic nerve were collected on the same glass slides, thus undergoing the same immunohistochemical procedures. Before immunohistochemistry, they were fixed with methanol for 10 minutes at -20°C. The slides for eNOS and nNOS detection were incubated overnight with polyclonal anti-eNOS and nNOS (Transduction Laboratories/TEBU, Le Perray en Yvelines, France) antibody diluted at 1/100 in 0.1% PBS Triton X-100 (wt/vol) at 4°C. The slides for VEGFR2 detection were incubated for 1 hour at room temperature with rat monoclonal anti-VEGFR2 antibody (Chemicon International, Temecula, California, USA) diluted at 1/500 and biotinylated lectin griffonia simplicifolia (Sigma-Aldrich) diluted at 1/100. After washing, the sections for eNOS and nNOS detection were incubated in a solution of 1/100 of secondary goat antirabbit antibody conjugated to an alkaline phosphatase (Biosys, Compiegne, France) for 60 minutes, followed by revelation with Fast-Red (Sigma-Aldrich). The sections for VEGFR2 and endothelial cell double labeling were incubated in a solution of 1/250 FITC-labeled secondary antibody (rabbit anti-rat IgG) and streptavidin TRITC for 60 minutes. The slides were than washed, mounted, and viewed and photographed with a conventional microscope for eNOS and nNOS and with a Zeiss LSM 510 LASER scanning microscope (Carl Zeiss SA, Le Pecq, France) for VEGFR2. Control experiments omitting the first antibody gave no staining (data not shown). The experiment was performed on a minimum of three independent samples of each group.
Statistical analysis. Results were expressed as mean ± SEM. As populations were of normal distribution and equal variance, statistical analyses were performed using the Student's t test.
Results

iNOS mRNA detection by in vitro RT-PCR of retinal extracts.
To determine whether iNOS is associated with the murine model of retinopathy of prematurity, iNOS mRNA expression in the retina was examined by in vitro RT-PCR analysis. The PCR product showed a band at the expected size of 650 bp, the specificity of which was proved by hybridization with a radioactively labeled iNOS-specific internal oligonucleotide probe ( Figure 1 ). The iNOS signal was absent in iNOS +/+ mice raised in room air. Expression of iNOS mRNA was detected in iNOS +/+ oxygen-incubated retina at P 14 and P17, corresponding to 48 and 120 hours of hypoxia, respectively. A minimal expression could also be detected at P12, before the induction of relative hypoxia. No expression was detected in iNOS -/-mice, experimental or control group at any time.
NOS isoform expression and NOS activity in P14 retina. Using a RT-PCR in situ technique, we localized the cells expressing iNOS mRNA on sections of oxygen-incubated iNOS +/+ mice in the retina at P14, when iNOS expression was strongest. The RT-PCR in situ revealed iNOS expression in the cytoplasm of cells of the inner nuclear layer (INL) (Figure 2a) . Oxygen-exposed iNOS -/-and room air-raised iNOS +/+ mice did not show any positive cells (Figure 2 , b and c, respectively). The signal on sections of oxygen-incubated iNOS +/+ mice was found in only the central part of the retina (Figure 2d ). Staining of endothelial cells with lectin griffonia simplicifolia on adjacent sections ( Figure  2e ) revealed that this area corresponds precisely to the central ischemic area generated by the oxygen exposure.
eNOS was detected by immunohistochemistry at P14 in endothelial cells of room air-raised iNOS +/+ mice (Figure 2k ) throughout the retina, which at this stage is entirely vascularized. In oxygen-incubated iNOS +/+ and iNOS -/-mice at P14, eNOS was expressed in endothelial cells of the vascularized periphery (data not shown), whereas no expression of eNOS could be detected in the capillary-free center of oxygen-incubated iNOS +/+ (Figure 2i ) and iNOS -/-mice (Figure 2j) . nNOS expression was detected by immunohistochemistry at P14 in the ganglion cell layer and nerve fiber layer of oxygen-incubated iNOS +/+ and iNOS -/-mice as well as in room air-raised iNOS +/+ mice ( Figure  2 , l, m, and n, respectively) throughout the retina. The expression in room air-raised mice seemed to be slightly weaker than in oxygen-exposed iNOS +/+ and iNOS -/-animals. No differences could be detected in the expression pattern or in signal intensity between oxygen-incubated iNOS +/+ and iNOS -/-mice. To correlate NOS expression with NOS activity we performed NADPH-diaphorase histochemistry on PAF 4% fixed sections at P14, revealing NOS NADPHdiaphorase activity (24) . A signal in the ganglion layer and nerve fiber layer was observed on all sections, being slightly weaker in room air-raised iNOS +/+ mice ( Figure 2h ) compared with oxygen-incubated iNOS +/+ and iNOS -/-mice ( Figure 2, f and g, respectively) . This distribution corresponds to the nNOS immunohistochemical signal (Figure 2, l-n) . Room air-raised iNOS +/+ mice also exhibited a signal in a vessel-like distribution throughout the retina (Figure 2h , showing the central aspect), paralleling the eNOS immunohistochemical signal in room air-raised iNOS +/+ mice (Figure 2k) . This signal pattern was only detected in the vascularized periphery of oxygen-incubated iNOS +/+ and iNOS -/-mice (data not shown), but not in the capillary-free central area (Figure 2, f and g ). However, retinal flat-mounts at P17 (120-hour hypoxia) showed a significant reduction in the size of the central capillary-free area and a relatively normal vascular morphology in iNOS -/-mice (Figure 3f ). On the other hand, retina of iNOS +/+ mice at P17 had persisting avascular areas (P < 0.0001; n = 6) bordered by active intravitreal neovascularization (Figure 3c) .
Reduction of vitreal neovascularization in iNOS -/-mice. Intravitreal neovascularization was assessed on P14, P17, and P20 by counting intravitreal vascular nuclei on serial sections (Figure 3j ). Room air-raised iNOS +/+ and iNOS -/-mice showed less than one intravitreal nucleus per section. On P14, a weak equivalent neovascular response was detected in both iNOS +/+ and iNOS -/-oxygen-exposed mice (n = 5). At P17, the intravitreal neovascularization was significantly stronger in the iNOS +/+ mice (Figure 3h ) compared with the iNOS -/-mice ( Figure 3i ) (P < 0.0001; n = 10). Counts at P20 also revealed a highly significant difference (P < 0.0001; n = 5). Both types of mouse reached a maximal neovascularization at P17 as described for the iNOS +/+ group (19) .
VEGFR2 expression in iNOS +/+ and iNOS -/-mice.
It has been demonstrated that VEGF (25) and the VEGF receptor type 2 (flk1/kdr/VEGFR2) (26) are very important mediators of angiogenesis in ischemic conditions. To assess the influence of iNOS-related NO production on VEGFR2 expression, we performed immunohistochemistry of VEGFR2-endothelial cell double labeling on eye sections including the optic nerve of room air-raised and oxygen-incubated iNOS +/+ and iNOS -/-mice. We analyzed eyes at P14, before any significant differences in the vascular pattern of the experimental animals had occurred.
Room air-raised mice expressed VEGFR2 (Figure 4 , g and h) in vascular endothelial cells as demonstrated by double staining (Figure 4, g and i) , and more weakly in the nerve fiber layer. Furthermore, the staining pattern of VEGFR2 throughout the retina (Figure 4h ) in a Müller cell-like distribution suggests that these cells express VEGFR2 as well. The vascularized periphery of oxygen-incubated iNOS +/+ mice revealed a similar staining pattern to that of room air-raised mice (Figure 4a , left). However, in the central ischemic retina, VEGFR2 expression in the nerve fiber layer was downregulated in oxygen-incubated iNOS +/+ mice (Figure 4a , between arrowheads). Furthermore, VEGFR2 expression in endothelial cells adjacent to the ischemic area was decreased ( Figure 4 , b and c, double labeling) in oxygenincubated iNOS +/+ mice. On the other hand, VEGFR2 expression in oxygen-incubated iNOS -/-mice was upregulated in the nerve fiber layer of the ischemic retina (Figure 4d , between arrowheads) and in endothelial cells of vessels on the edge of the avascular area ( Figure 4 , e and f, double labeling) compared with room air-raised mice. The difference compared with oxygen-incubated iNOS +/+ animals was even greater. VEGFR2 expression in the retinal periphery was similar in iNOS +/+ and iNOS -/-mice. Double labeling with glial fibrillary acidic protein (GFAP) identified the VEGFR2-expressing cells in the nerve fiber layer as astrocytes (data not shown).
iNOS inhibition in oxygen-incubated iNOS +/+ mice increases intraretinal angiogenesis and reduces vitreal neovascularization.
To evaluate the potential utility of iNOS inhibitors for therapeutic use in ischemic retinopathy, we tested the effect of the highly potent iNOS inhibitor 1400W (20) on our model. Littermates of oxygen-incubated iNOS +/+ mice were injected subcutaneously every 8 hours with either 1400W (100 µl of a 1 mg/ml solution) or NaCl from P12 to P17, to coincide with detectable iNOS expression. Retinal flat-mounts at P17 (120-hour hypoxia) showed a significant reduction in the size of the central capillary-free area in 1400W-treated iNOS +/+ mice compared with the NaCl-injected control group (P = 0.0006; n = 6) ( Figure  5a) . Furthermore, the intravitreal neovascularization at P17 was significantly reduced in 1400W-treated mice compared with control (P < 0.0001; n = 6) (Figure 5b) .
Discussion
These data demonstrate that iNOS is induced in ischemic proliferative retinopathy. RT-PCR assays
720
The showed that iNOS mRNA is mainly expressed at P14 and P17 in the ischemic phase. iNOS induction by hypoxia has been demonstrated by others in vitro (27) and in vivo (28) . Hypoxia inducible factor (HIF) and nuclear factor kappa B (NF-κB) are upregulated in the murine model of ischemic proliferative retinopathy (29, 30) . Because consensus sequences for these two transcription factors are present in the promoter of iNOS (7, 27) , HIF and NF-κB could be responsible for iNOS induction in the ischemic retina. With regard to the origin of iNOS in the retina in this model, RT-PCR in situ experiments revealed the presence of iNOS mRNA in the cytoplasm of cells of the INL of the central retina. This corresponds precisely to the ischemic retina, as shown by endothelial-cell labeling on adjacent sections, demonstrating that iNOS is expressed only in the ischemic retina. In addition, NOS-related NADPH-diaphorase activity occurred at P14 in the INL of the central ischemic retina of oxygeninduced iNOS +/+ mice in the same pattern as iNOS mRNA. Furthermore, no eNOS or nNOS expression could be detected in the INL of the central ischemic retina of oxygen-induced iNOS +/+ mice, indicating that the NADPH-diaphorase activity in these cells is not due to either eNOS or nNOS. No NADPH-diaphorase activity was detectable in the INL of the central ischemic retina of oxygen-induced iNOS -/-mice either.
These results taken together suggest that the NADPHdiaphorase activity in the INL of the central ischemic retina of oxygen-induced iNOS +/+ mice is due to functional iNOS protein in this model. Although double labeling could not identify the cells expressing iNOS, we detected an activation of Müller cells in the ischemic area by GFAP immunohistochemistry (data not shown). We have previously demonstrated that Müller cells express iNOS in vitro (31) , and they may therefore be a major source of iNOS expression in this model. Nevertheless, other types, such as amacrine, horizontal, bipolar and microglial cells, contribute to the NO production during ischemic proliferative retinopathy.
Using mice lacking the iNOS gene, we evaluated the influence of the iNOS enzyme on neovascularization in ischemic proliferative retinopathy. iNOS had no effect on capillary loss during oxygen incubation as demonstrated by the equivalent size of the central capillary-free area at P12 in iNOS +/+ and iNOS -/-mice. In contrast, after 120 hours of ischemia at P17, intraretinal neovascularization in iNOS -/-mice was significantly stronger than in iNOS +/+ mice. We suggest that NO production due to iNOS expression in the ischemic central area significantly slows down intraretinal angiogenesis. Pathological intravitreal neovascularization was significantly reduced in iNOS -/-mice at P17 and P20 compared with iNOS +/+ mice. The maximal
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The intravitreal neovascular response in oxygen-incubated iNOS -/-was reached at P17, as seen in the iNOS +/+ mice. This shows that the difference in intravitreal neovascularization in iNOS +/+ and iNOS -/-mice is not simply due to a retardation in intravitreal neovascularization in the iNOS -/-mice but remains over time. The difference in pathological intravitreal neovascularization in iNOS +/+ and iNOS -/-animals is surprising, as intravitreal neovascularization develops up to 1,500 µm away from the site of iNOS-related NO production in iNOS +/+ mice. In view of long diffusion distances, intravitreal neovascularization in iNOS-expressing mice should be exposed to considerably lower NO concentrations compared with intraretinal neovascularization, which occurs closer to the ischemic area where iNOS is expressed. We therefore postulate that the primary effect of iNOS is the inhibition of vascularization in the ischemic retina; we hypothesize that the promotion of intravitreal neovascularization occurs secondarily owing to the persistence of the ischemic area. To understand the mechanisms by which iNOS expression inhibits intraretinal neovascularization and encourages intravitreal neovascularization, we analyzed VEGFR2 expression in iNOS +/+ and iNOS -/-mice by immunohistochemistry. VEGF has been shown to be a very important mediator of physiological and pathological angiogenesis in the retina (2, 32, 33) and more specifically in the murine model of ischemic proliferative retinopathy (25) . Its proliferative and migratory effects have been reported to be mediated by VEGFR2 (26) . NO has been shown to downregulate VEGF and VEGFR2 in vitro (12, 34, 35) and in vivo (1, 13) 
in other models.
We chose to analyze sections at P14 because at this relatively early stage in the ischemic phase no significant differences in the size of the capillary-free area or in the intravitreal neovascular response could be detected; thus differences in VEGFR2 expression could not be ascribed to differences of the ischemic state in iNOS +/+ and iNOS -/-mice. VEGFR2 was expressed in room air-raised P14 mice in vascular endothelial cells, the ganglion cell layer, the INL, and the outer nuclear layer, as described previously (36) . We identified the nonvascular cells expressing VEGFR2 in the nerve fiber layer to be astrocytes, by double labeling with GFAP antibody. Astrocytes play a crucial role in the organization of physiological retinal vasculogenesis and angiogenesis. It has been suggested that their dysfunction is of importance in ischemic retinal neovascularization (37) .
In comparison with iNOS -/-mice, in the ischemic retina of iNOS +/+ mice VEGFR2 expression adjacent to iNOS-expressing cells was much weaker, notably in endothelial cells of vessels on the edge of the avascular area and in astrocytes in the central avascular retina. On the other hand, VEGFR2 expression in endothelial cells and astrocytes in the peripheral retina remained unaffected. There was no significant loss of glial cells (GFAP) in the ischemic area of iNOS +/+ mice (data not shown), nor any difference in the vascular staining pattern (lectin griffonia simplicifolia), suggesting a downregulation of VEGFR2 in these cells rather than a diminished signal due to cell depletion. iNOS localization in the ischemic retina leads us to postulate that the primary effect of iNOS expression is the inhibition of angiogenesis in the ischemic tissue. We suggest that neovascularization from the vascularized retina into the iNOS-expressing ischemic retina of iNOS +/+ mice is inhibited, at least in part, because VEGFR2 is downregulated in vascular endothelial cells directly adjacent to iNOS-expressing cells in the ischemic retina. These endothelial cells, from which the revascularization of the ischemic retina occurs, would in consequence become less responsive to the VEGF stimulus. Furthermore, the downregulation of VEGFR2 in astrocytes throughout the ischemic retina points toward a dysfunction of this type of cell in the ischemic retina of iNOS-expressing mice, which could further slow down the revascularization of the ischemic retina in the iNOS +/+ mice.
The intravitreal neovascularizations occurring in the midperipheral and peripheral retina are relatively far away from the iNOS expression site (up to 1,500 µm) and therefore exposed to a considerably lower NO concentration compared with the ischemic retina, where iNOS is expressed. It would appear that endothelial cells with uninhibited VEGFR2 expression (as observed in our experiments) are more responsive to the VEGF stimulus and therefore proliferate in the peripheral retina and locally invade the vitreous under the hypoxic stimulus. From the inhibition of the revascularization of the ischemic retina, we infer that angiogenic factors stay upregulated and encourage peripheral intravitreal neovascularization further. We therefore suggest that the differences observed in intravitreal neovascularization occur secondarily to the inhibition of vascularization in the ischemic retina.
Regarding the potential role of VEGF in this model, we also analyzed VEGF expression at P14 in oxygen incubated iNOS +/+ and iNOS -/-mice. VEGF expression in ganglion cells of the ischemic retina of iNOS +/+ mice also seemed to be weaker compared with iNOS -/-mice, whereas VEGF expression in the periphery of the two types of mice was unaffected (F. Sennlaub and O. Goureau, unpublished data). Although the differences observed in VEGF expression were less marked than those found in VEGFR2 expression, they may well contribute to the NO-mediated inhibition of the vascularization in the hypoxic area in ischemic retinopathy.
An overall antiangiogenic therapy in ischemic retinopathy, blocking intraretinal as well as intravitreal angiogenesis, inhibits pathological intravitreal neovascularization, but will also keep the retina ischemic. Ideally, a therapy for ischemic retinopathy should encourage angiogenesis in the ischemic retina, improve the hypoxic state of the tissue, and inhibit pathological intravitreal neovascularization, the situation found in our iNOS-deficient animals. To test the feasibility of therapy, we therefore treated oxygen-incubated iNOS +/+ mice with the potent iNOS inhibitor 1400W in the ischemic phase (P12-P17), when iNOS, according to our results, is expressed. Angiogenesis in the ischemic retina in oxygen-incubated iNOS +/+ mice was found to be significantly enhanced, and pathological intravitreal neovascularization inhibited, in 1400W-treated animals compared with control mice. However, these differences observed in the 1400W-treated group were less significant than in the iNOS -/-animals. Although intraretinal 1400W concentrations were not determined, the local concentration of 1400W in the iNOS-expressing avascular retina after subcutaneous drug administration may be too low to ensure complete iNOS inhibition. The residual iNOS activity may therefore account for the observed differences in neovascularization between the 1400W-treated group and iNOS -/-animals.
To ensure higher 1400W concentrations in the iNOSexpressing ischemic area, it would be useful to develop an efficient mode for local drug administration. Given that intravitreal administration of the molecule was unreliable in this model because of the necessity of repeated injections and anesthesia in newborn mice, we are currently investigating the possibility of topical 1400W administration in our laboratory.
In conclusion, to our knowledge, this is the first evidence that angiogenesis in the ischemic retina can be
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Figure 5
iNOS inhibition in oxygen-incubated iNOS +/+ mice. iNOS +/+ littermates were treated with the iNOS inhibitor 1400W or NaCl. Retinal flatmounts at P17 show a significant reduction in the size of the central capillary-free area in 1400W-treated iNOS +/+ mice compared with the NaCl-injected control group ( A P = 0.0006; n = 6) (a). Furthermore, the intravitreal neovascularization at P17 is significantly reduced in 1400W-treated mice compared with control ( B P < 0.0001; n = 6) (b).
pharmacologically enhanced. These findings confirm that iNOS plays a crucial role in retinal neovascular diseases and further show that it is an ideal target for the control of vitreal neovascularization by improving the vascularization of the hypoxic retina. In other ischemic conditions such as cerebral ischemia, stroke, and ischemic limb disease, the inhibition of neovascularization in ischemic tissue still poses a crucial problem. The role of iNOS in angiogenesis of these diseases remains to be elucidated.
